Distribution of superconducting properties among metal hydrides was investigated using stateof-the-art computational simulation techniques. We proposed a search rule for high-T C metalhydrogen systems based on analysis of electronic structure of atomic s, d, f-orbitals. Results of actinides and lanthanides study show that they form highly symmetric superhydrides XH 7-9 at relatively low pressures. However, actinides do not exhibit high-temperature superconductivity (except for Th-H system) and should not be considered as materials appropriate for experimental studies, as well as all d m -elements with m > 4 including metal hydrides of the precious elements. A refinement rule based on monotonic behavior of the maximum achievable critical temperature as a function of d+f electrons, maxT C (N d+f ), was proposed for already known materials. Using this rule, the reported T C values for the higher hydrides in K-H, Zr-H, Hf-H and Ti-H systems were corrected. The dependences of maxT C on the group number, period, pressure, and phase composition of hydrides were investigated. Developed model enables to make new targeted predictions relating to existence of new superconducting compounds. For Mg-H, Sr-H, Ba-H, Cs-H, Rb-H, we predict the existence of new high-T C phases XH n with n ≥ 10. Electron doping of H-sublattice by pressure-driven delocalization of d,f-electrons is suggested as the key factor for determining superconductive properties of polyhydrides.
Sharp drop of the maxT C for Ti-H system indicates a lack of data on possible superconducting hydrides and requires additional investigation. We performed a computational search for new Ti-H phases using variable-composition evolutionary algorithm USPEX [17] [18] [19] at different pressures (50, 100, 150, 200 GPa). The most promising phase in the respect of hydrogen content is found to be P21/c-TiH 14 which is stable at 200 GPa. In spite of the fact this phase has quite low symmetry compared to other metal hydrides, it features good superconductivity (see Supporting Taking into account the fact that the 3d-shell begins to be filled with electrons starting from Sc, we assumed that pressure rise will lead to convergence of s-and d-orbital energies. Thus, the formation of higher polyhydrides in the potassium and calcium systems KH n , CaH n with n > 6 (e.g. n = 10, 12…) may occur. To prove this idea we carried out additional search for stable hydrides in the K-H and Ca-H systems at different pressures (see Table 2 and Table 3 ). Our calculations bring new information on the previously considered K-H and Ca-H systems. 2 We used a generalized gradient approximation within the Perdew-Burke-Ernzerhof functional, 20 which includes 3s 2 3p 6 4s 1 electrons implicitly. We predicted that Cmcm-KH 5 
will displace
Immm-KH 6 (Ref. 2 ) from the convex hull at 150 GPa. Interestingly, Imm2-KH 11 features semiconducting properties with a band gap of 2.03 eV at 50 GPa. Thus, the superconducting properties were studied only for Immm-KH 10 and Immm-KH 12 metallic polyhydrides. Immm-KH 10 has the highest parameters of electron-phonon interaction among all K-H phases (see Supporting Information): λ = 1.34, ω log = 1301 K, T C (Allen-Dynes) = 147.7 K, while for Immm-KH 12 λ = 1.41, ω log = 951 K, T C (Allen-Dynes) = 116.7 K. Obtained results correspond to the general rule of reduction of T C when the hydrogen concentration exceeds the optimal concentration.
Predicted stable phases in the Ca-H system are shown in Table 3 . Comparison of our results with the results obtained in Ref. 21 elements, which confirms the suggestion that s-electrons of metals and hydrogens interact with energetically close d-orbitals under pressure. We predicted new polyhydrides for titanium and potassium with higher critical temperature than that one known before.
Period 5. Rb-Sr-Y-Zr-Nb-Mo-Tc
Metal-hydrogen systems from the first part of period 5 were studied previously [23] [24] [25] [26] 10 (see Table   4 ), but the information on superconducting properties of Rb-H and Mo-H phases was not found. System Rb-H and RbH 9 -RbH 14 hydrides (at 250 GPa) were studied by J. Hooper et al. 27 , but, authors did not touch superconductivity. Artificially constructed SrH 10 26 at 300 GPa displays high EPC parameters: λ = 3.08, ω log = 766 K, T C = 259 K. This fact indicates about the possible presence of high-temperature superconductors in Sr-H system. Values of the maxT C function for other elements from period 5 decrease from 323 K (YH 10, 250 GPa) to 11 K for TcH 2 (see Figure  3) . However, this function is not monotonic, because previously found only stable zirconium monohydride (ZrH) displays low maxT C (ZrH) = 10 K. This value is too low for electronic system of Zr[Kr]4d 2 5s 2 , which is close to a record value for YH 10 and previously studied Th-H system showing the maximal T C of 221 K. Taking into account a low number of valence delectrons we performed the complex investigation of superconducting properties of Zr-H phases with variable-composition evolutionary search for new stable compounds.
As a result, we predicted a series of novel polyhydrides at different pressures. The convex hull for Zr-H system at 150 GPa is shown in Figure 4 . Among all predicted stable phases a -ZrH 16 is the most promising from superconducting point of view (see Table 5 ). A few comments should be made on the elements of the period 6 of Mendeleev's table. Firstly, the results for BaH 6 show an incredibly low T C . As for the remaining alkaline-earth elements, it is suggested that in Ba-H system the hydrides with higher T C such as BaH 10 and BaH 12 should exist (see Forecast in the Supporting Information). Also, stability of Fdd2-TaH 6 (maxT C = 136 К at 300 GPa) phase is in doubt. Zhuang et al. 29 performed calculations by ELocR code using a limited integer set of compositions TaH n with n = 1-6. But Fdd2-TaH 6 at so high pressure may be expelled from the convex hull by other phases, in particular, fractional compositions or higher, but asymmetrical, polyhydrides. Comparison with surroundings: V-H, Nb-H and Hf-H, shows that maxT C (Ta-H) should lie in the range 40-90 К. The form in which the function maxT C (N d ) is currently shown in Figure 6 , does not fit well the proposed concept of a monotonic decrease of maxTc (N d, f ).
Lanthanides: La -Ce -Pr -Nd -Ho -Er -Lu
The main interest to lanthanides is due to clarifying the effect of f-electrons on superconductivity and composition of their hydrides. Previously, lanthanide hydrides were theoretically studied by F. Peng et al. 30 from the point of view of formation of clathrate-like shells consisted of Hatoms. Assuming the stability of REH n (n = 8-10), for RE = Ce, Pr an estimation T C < 56 K at 100-200 GPa was given for these metals. Our calculations show similar results for P6 3 mc-CeH 6 at 300 GPa (at lower pressures, this hydride is a semiconductor): λ= 0.89, ω log = 834.5 K, T C = 51.0 K. F. Peng et al. 30 expressed the right statement that the transition from light to heavy lanthanides leads to decreasing of maxTc. Recent experimental synthesis of CeH 9 by N. P. Salke et al. 9 confirms our crystal structure predictions and shows even higher result for P6 3 /mmcCeH 9 : λ= 2.30, ω log = 740 K, T C = 117 K (μ* = 0.1, as usually). At the same time, P6 3 mc-CeH 6 turned out to be unstable higher 70 GPa. For a more precise clarification of the superconducting properties of lanthanide hydrides, we calculated the thermodynamically stable crystalline structures of these systems with a full search of the compositions (Table 8 ). Results of the calculations show that superconductivity parameters of lanthanide hydrides are generally low. Critical temperatures decrease monotonically with consequent filling of f-shell from the maximum values belonging to cerium hydrides ( Figure 7 ). The problem of weak parameters of the electron-phonon interaction in lanthanide hydrides reduces to low values of the function α 2 (ω) and λ values, which almost completely determine T C , while ω log varies within quite narrow limits. Figure 7 . The monotonically decreasing of the maximum critical temperatures (maxTc) achievable in hydrides of light lanthanides and the "secondary" wave of superconductivity in heavy lanthanides.
When passing to heavy lanthanides the appearance of a "secondary" wave of superconducting properties in Dy, Ho, Er hydrides should be noted, analogous to "secondary" waves of superconductivity observed in Hydrides of such elements as Dy, Ho, Er, Cm have compositions and crystal structures uncharacteristic for light lanthanides and, taking into account a certain increase of superconducting properties, these hydrides should be referred to the "secondary" wave of superconductivity. This wave can help us to understand how to apply the N d+f model to hydrides of p-elements. Ordinarily p-elements have higher electronegativity than hydrogen, so H-atoms give away its electrons. The question is how many positions does the central p-atom have to take these electrons? If we turn the situation inside out and consider vacancies (marked as "h") and its "lability" instead of electrons, we will see that the situation among the hydrides of p-elements follows the distribution of superconducting properties among metal hydrides. In a row Cl(1h)-Al(5h) maxT C reaches the maximum at 2h and then decreases along with the number of vacancies. Halogens play the role of alkali metals, the diagonal rule (see Discussion) also works (S-As-Sb-Bi|Pb). The optimal number of vacancies (2-3h) guarantees high superconducting properties.
One should also note the influence of relativistic effects on the outer electron shells of lanthanides and actinides. The relativistic effects, which lead to an additional decrease in the radius of the atom and localization of s-electrons, turn out to be analogous to the effect of an external pressure which can partly explain the much earlier stabilization of the polyhydrides of lanthanides XH 6 -XH 8 already at 50 GPa (see Supporting Information) and higher hydrides XH 12 -XH 15 (up to XH 20 ) already at 150 GPa. This effect is more pronounced for a number of heavier actinides (e.g., Th and U), but this trend is also accompanied by the loss of metallic properties of these hydrides.
Actinides: Ac -Th -Pa -U -Np -Pu -Am -Cm (Table 9 ). Thereby, the main idea that critical temperature drops with increasing the number of (d + f)-electrons is confirmed again on the example of actinide hydrides. This allowed us to correct the previously inaccurate calculations of the critical parameters in superconducting uranium hydrides 8 . Recalculation in denser q-mesh (6×6×6) gave the following results: P6 3 /mmc-UH 7 at 20 GPa has λ = 0.83, ω log = 874 K, Tc = 45.9 K, -UH 8 at 50 GPa has λ = 0.73, ω log = 722.5 K, T C = 27.5 K and finally P6 3 /mmc-UH 9 at 300 GPa shows λ = 0.62, ω log = 802 K, T C = 23.5 K (Allen-Dynes, μ* = 0.1). The results of the correction are displayed on Figure 8a . Analysis of maxT C (N F ) dependence for actinides and lanthanides is correct only for polyhydrides of equal symmetry at the same pressure. But, even simple diagram in Figure 8b clearly points important role of the density of electronic states (see Supporting Information) on Fermi level and the existence of some optimal level of electron doping. Degradation of superconducting properties for hydrides of Pr, U, Pu, Ti and other metals is a consequence of two factors: the deviation of symmetry and the density of electronic states from the optimal values. Table 10 shows the most important phases found in previously studied systems by the refinement rule. For Fr-H and Ra-H systems we added preliminary results. 8 , similar primitive cells and seemingly the same stabilization degree of the metallic hydrogen sublattice, they have absolutely different λ, T C and N F (47.6, 81.6 and 21.5 states/Ry/f.u respectively). The only way these metals (Pr, Nd, Tm, …) can affect H-sublattice's properties is allocation of the electron density the level of which is determined by d,f-electrons delocalized at high pressure. As it can be seen in Figure 9 , the maximum calculated Тс is reached in the 5th period and decreases in both directions along the crest of "HTSC-spine" as the period number reduces or increases. We marked a promising zone Cs-Fr-Ba-Ra where new HTSC phases like XH [9] [10] [11] [12] with Тс in the range of 100-200 К at 150-200 GPa are expected to occur. These elements belonging to d-belt of superconductivity (s-d boundary 12 ) are similar to K, Ca, Sr which provide HTSC hydrides with the indicated compositions and, in addition, are adjacent to the group of La-Ac-Th 13 that forms hydrides of the mentioned compositions with good SC properties as well. The anomaly of tantalum Fdd2-TaH 6 (136 К) which may be caused by an error in calculations 29 is shown in Figure 9 . At assessment of the maxT C, special attention should be drawn to XH [8] [9] [10] [11] [12] compositions. With further growth of n (> 20), the effect of metal center complexation becomes insignificant and we turn to the ultimate case of the almost pure hydrogen that will not transit to the superconducting state until 400-500 GPa. We do not expect emergence of significant superconductivity in the region of intermediate pressures and compositions.
Discussion
As it can be seen from Figure 10a , hydride superconductivity starts emerging in XH [4] [5] compositions. But for alkaline earth metals, in particular for calcium, an anomalous situation is observed. These metals have the maximum critical temperatures for XH 6 composition, which, combined with higher superconducting CaH 12 , CaH 18 hydrides, leads to intersection of the extrapolating parabola and the axis n = 0 at relatively high Тс. This can be considered as a sign of anomalous superconductivity of metallic calcium (and other alkaline-earth metals) under pressure (29 K at 216 GPa for Ca 35 , 8 K for Sr 36 ). We predict that more detailed calculations will show the existence of higher superconducting magnesium, strontium, and barium hydrides with n > 12 and measurements at higher pressures (250-300 GPa) in pure alkaline earth metals may give higher critical temperatures (see Forecast, Supporting Information). Figure 10b shows maxT C (P) dependence for the best studied systems. The diagram proves that the expected critical temperature increases with the pressure rise, probably reaches its maximum at 200-250 GPa, and then reduces. At zero pressure, Т C decreases below 150 K too. Thus, attainment of Tc > 200 K in hydrides requires pressures in the range of 100-250 GPa. maxT C (P) function is determined by stability of hydrides, not their electron-phonon interaction properties. It should be noted the anomaly of -CaH 6 position which formation probably should be attributed to much higher pressures and placed together with Mg, Sr, or it has lower Т C . Finally, we would like to repeat that increase of the period number leads to increase of "availability" (in the point of pressure) of superconductivity in Sc-Y-La-Ac-Th series together with "availability" of polyhydrides, so that XH 6 -XH 8 can remain stable at atmospheric pressure for radioactive band elements with N > 90. Thus, the most pronounced superconducting properties should be expected for hydrides of elements lying in transition zones at junctions of the orbitals (s-p,
, at junction of radioactive elements (Y-La||Ac-Th), at the limit of dynamical stabilization under pressure (for Th-H -at 80 GPa), and in other instability zones.
Conclusions
In the present paper, we solved the problem of finding the most promising superconducting metal polyhydrides. 
Rule 4.
Increase of the period number and transition to lanthanides and actinides lead to enhanced stabilization of polyhydrides requiring ever less and less compressions. For actinides, the pressure of 50 GPa is enough to stabilize polyhydrides, like XH 7 .
Rule 5. Correction rule for already known results which is based on maxT C (N d+f ) function smoothness is proposed. Using this idea, the errors in early calculations of K-H, Zr-H, Hf-H, and Ti-H systems which proved to be rich in polyhydrides with high superconductivity parameters have been corrected.
More precise calculations and account of anharmonic effects may change the maxT C values, but not the general trend.
Supporting Information
Crystal data, convex hulls, Eliashberg functions, forecast list and statistical data for studied metal polyhydrides are included in Supporting Information.
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